Historically, vaccination with Coxiella burnetii whole cell vaccines has induced hypersensitivity reactions in humans and animals that have had prior exposure to the pathogen as a result of infection or vaccination. Intradermal skin testing is routinely used to evaluate exposure in humans, and guinea pig hypersensitivity models have been developed to characterize the potential for reactogenicity in vaccine candidates. Here we describe a refinement of the guinea pig model using an alternate vaccine for positive controls. An initial comparative study used viable C. burnetii to compare the routes of sensitizing exposure of guinea pigs (intranasal vs intraperitoneal), evaluation of two time points for antigen challenge (21 and 42 days) and an assessment of two routes (intradermal and subcutaneous) of challenge using the ruminant vaccine Coxevac as the antigenic control. Animals sensitized by intraperitoneal exposure exhibited slightly larger gross reactions than did those sensitized by intranasal exposure, and reactions were more pronounced when skin challenge was performed at 42 days compared to 21 days post-sensitization. The intradermal route proved to be the optimal route of reactogenicity challenge. Histopathological changes at injection sites were similar to those previously reported and a scoring system was developed to compare reactions between groups receiving vaccine by intradermal versus subcutaneous routes. Based on the comparative study, a standardized protocol for assessment of vaccine reactogenicity in intranasally-sensitized animals was tested in a larger confirmatory study. Results suggest that screens utilizing a group size of n = 3 would achieve 90% power for detecting exposurerelated reactogenic responses of the magnitude induced by Coxevac using either of two outcome measures.
Introduction
Q fever is a zoonotic disease most often caused by exposure to infected ruminants and is prevalent in individuals with occupational exposures. Recent disease outbreaks in the Netherlands [1] and diagnosis among military personnel deployed to endemic regions [2] [3] [4] [5] [6] [7] highlighted this as a re-emerging infectious disease. The causative agent Coxiella burnetii, an obligate intracellular organism, is difficult to cultivate and diagnostic testing is inconsistent/ unreliable in both humans and animals [8] .
The four Q fever vaccines that have been developed for use in humans exhibit variable efficacy [9] . Furthermore, all four vaccines have been found to have significant side effects in vaccinees with prior sensitization to C. burnetii, variably resulting in fever, malaise and inoculation site granulomatous reactions [10] [11] [12] . These reactions are thought to be induced by a delayed hypersensitivity reaction to phase I LPS [12, 13] . As such there is a need for development of alternative effective vaccines that do not cause such hypersensitivity reactions in individuals previously exposed to C. burnetii.
In the evaluation of new vaccine candidates, a critical component is the ability to assess the potential for induction of hypersensitivity reactions. Guinea pig models have been described for the evaluation of vaccination reactions for the current vaccines in use [14] [15] [16] [17] [18] [19] ; the majority of these studies used inactivated bacterial suspensions to immunize guinea pigs prior to skin testing. Here we describe a refinement of the guinea pig model for evaluation of hypersensitivity reactions to C. burnetii antigens, undertaken during the course of an ongoing vaccine development project [20] . In a comparative study of selected protocol variables, we evaluated guinea pig sensitization by different routes of infection with live C. burnetii, tested two routes of antigen challenge, and assessed the time course of reactogenic responses following antigen challenge. We employed Coxevac, a whole cell vaccine approved for annual use in ruminants in Europe and reported to induce granulomatous reactions after repeated use in cattle [21] , as a standardized antigen control to probe the responses of sensitized and unsensitized animals to different doses of vaccine antigen challenge. Based on the results of the comparative study, we defined a standardized protocol that was tested in a larger confirmation study to establish a framework for evaluation of the reactogenic potential of future Q fever vaccine candidates in the guinea pig model.
Materials and methods

Materials
Bacteria. C. burnetii Nine Mile strain (Cb9M) phase 1 RSA 411 (lot 3662550) was obtained from BEI Resources (Manassas, VA, USA). The phase 1 status of the stock prior to propagation was confirmed by the supplier by confirming reactivity with hyperimmune serum. An axenic bacterial working stock was prepared by a single expansion passage in acidified citrate cysteine medium (ACCM-2) pH 4.75 (Sunrise Science Products, San Diego, CA, USA). Propagation was as described [22] , seeding cell free culture media with 1 x 10 6 genome equivalents (ge) of the Cb9M BEI Resources stock. Flasks were incubated for nine days on a shaker (75 rpm) at 37˚C in a 2.5% O 2 , 5% CO 2 environment. Bacteria were recovered by centrifugation at 14,000 x g for 30 min, resuspended in sucrose phosphate buffer [23] and stored at -80˚C. The working stock was found to contain 2.17 x 10 7 ge per μL as determined by qPCR (see below). Infectivity of the working stock was confirmed in both mice (A/J) and guinea pigs. Reproducible induction of anti-Coxiella antibodies in guinea pigs following inoculation with the working stock at a standardized infective dose of 10 6 ge [24] was confirmed prior to initiation of reactogenicity studies.
Vaccine. The vaccine, Coxevac, was obtained from CEVA Sante Animale (Lot 0101Eg1A, Libourne, France). This formalin inactivated phase I C. burnetii corpuscular antigen formulation is preserved with thiomersal and marketed for annual use in ruminants. Dosing in this study was based upon the assumption that Coxevac was standardized at 100 μg of antigen per mL [25] . The vaccine was determined to contain 86 μg of protein per mL (BCA protein assay,
Methods
Quantitative PCR (qPCR). Genomic DNA was extracted from samples using standard techniques (QIAamp DNA mini blood kit, Qiagen, Valencia, CA, USA) and qPCR was performed to detect C. burnetii targets using LSI VetMax Coxiella burnetii Absolute Quantification kit (Life Technologies, Lissieu, France).
Serology. Serological status was determined by ELISA using the Q Fever antibody test kit (IDEXX Laboratories Inc., Westbrook, ME, USA) with the secondary antibody replaced with peroxidase conjugated protein A/G at 1:10,000 dilution (Pierce Biotechnology, Rockford, IL, USA); the kit substrate is 3,3',5,5'-tetramethylbenzidine (TMB). Results are presented as optical density at 450 nm (OD 450 ). Antibody titers were also assessed by an indirect fluorescent antibody assay (IFA) using Q fever IFA substrate slides (Focus Diagnostics, Cyprus, CA, USA); staining methods as described by Kersh [26] were modified for use with guinea pig sera. Briefly, dilutions of sera (1:16 and 1:256) were added to wells on slides pre-coated with C. burnetii Phase I and Phase II and binding was assessed following reaction with DyLight 488 fluorochrome conjugated goat anti-guinea pig IgG (H+L) at 1:1,000 dilution (Thermo Fisher Scientific, Rockford, IL, USA). Titers � 1:128 were considered positive for anti-Coxiella antibodies.
Guinea pig sensitization. Animals were chemically restrained (ketamine 40 mg/kg and xylazine 5 mg/kg, intraperitoneal (i.p.)) and inoculated with Cb9M by intranasal (i.n.) or i.p. administration with a target dose of 10 6 ge [24] in a 100 μL volume of saline. Guinea pigs in the unsensitized control group received saline (100 μL) either i.p or i.n. Blood samples were collected from chemically restrained animals by venipuncture at days 0, 21, and 42 and at termination (day 28, 42, 49 or 63) for serum collection and evaluation of serological status. Guinea pig antigen challenge and reactogenicity assessment. Hypersensitivity testing was modified from that described by Wilhelmsen and Waag [14] . At day 21 or 42 post-infection, guinea pigs were chemically restrained (ketamine 40 mg/kg and xylazine 5 mg/kg, i.p.) and the dorsal lumbar surface was shaved. Subcutaneous (s.c.) and intradermal (i.d.) inoculations were made in 100 μL volumes with saline or vaccine at 1, 2, or 4 μg. The inoculation sites were evaluated at 8 hours post-injection and daily thereafter for 7 or 21 days. The diameter of erythema and thickness of induration at each inoculation site were measured with calipers. At 7 or 21 days post-challenge, inoculation sites were excised from euthanized animals by punch biopsy (12mm AcuPunch, Acuderm Inc., Ft. Lauderdale, FL, USA) and organs (heart, lung, liver, spleen) were collected in 10% formalin for paraffin embedding and sectioning. Sections were stained with hematoxylin and eosin for histopathological analysis. The extent of histological lesions in each of two non-adjacent skin biopsy sections from i.d. and s.c. inoculation sites were evaluated by a single blinded pathologist (BKP) in their entirety to develop a scoring system on a graded scale of 0-5 ( Table 1 ). The entire slide set was then re-evaluated in a blinded manner to obtain final scores. All sections were deemed appropriate for scoring as all contained targeted areas of dermis and subcutaneous tissue.
Statistics. Statistical analyses were performed using GraphPad PRISM (version 5). Group mean comparisons using one-way ANOVA with Tukey's multiple comparison test or unpaired t test (one-tailed) were used to evaluate differences among groups. Unless otherwise noted P values of �0.05 were considered statistically significant.
Estimates of statistical power and group size requirements were made using computational tools available from the MGH Biostatics Center (http://hedwig.mgh.harvard.edu/sample_size/ size.html) and the University of Iowa Department of Statistics and Actuarial Science (Lenth, R. V., Java Applets for Power and Sample Size, Retrieved 21 September 2018; http://www.stat. uiowa.edu/~rlenth/Power).
Results
Comparative study of bacterial and antigen exposure routes
A comparative study was designed to evaluate reactogenic responses in the guinea pig model using different routes of sensitizing exposure to C. burnetii and of antigen challenge. Guinea pigs (n = 24) were randomly assigned to three groups (Fig 1) . Experimental animals were inoculated with a standardized dose of a defined working stock of Cb9M by either intranasal (i.n.) or intraperitoneal (i.p.) administration (n = 8 per group). Guinea pigs in the unsensitized control group (n = 8) received saline either i.p or i.n. (n = 4 each route). At day 21 or 42 post-inoculation (p.i.), antigen challenge inoculations were made subcutaneously (s.c.) or intradermally (i.d.) as described in the Methods (n = 4 at each challenge time point). Each animal received inoculations of saline and Coxevac vaccine at 1, 2, and 4 μg at distinct challenge sites on the back. Two animals per challenge time point were terminated and tissues were harvested for 
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Macrophage dominated inflammation remains the principal component. Lymphocytic inflammation is present to more extensive degree. Neutrophils are not associated with tissue necrosis. Inflammatory infiltrate extends into the deep dermis and superficial subcutis and along tissue planes to both endos of the biopsy specimen. Edema is uncommon.
4
Inflammation is increasingly pyogranulomatous. Lymphocytes are less common and often peripheral to granulomatous inflammation. Edema is present and inflammation extends into the superficial dermis ad deep into the subcutis. Necrosis is absent.
5
Similar to a score of 4, the inflammation is widespread and pyogranulomatous; however, these most severely affected samples have one to multiple foci of liquefactive necrosis with or without collagen degeneration and a very high proportion of neutrophils. 
Clinical responses to inoculation with Cb9M
Anti-C. burnetii immune responses were confirmed in all guinea pigs inoculated with Cb9M by detection of antibody prior to vaccine antigen challenge (day 21 or 42 p.i. (Fig 2) , although OD 450 values near the maximum detection limit for the instrumentation used for this assay (4.600) limited discrimination between robustly responding groups. Antibody titers, as measured by IFA, were found to be � 1:256 in all C. burnetii-inoculated guinea pigs. Despite the antibody responses indicating bacterial exposure, no apparent changes in guinea pig behavior or disease symptoms were noted following inoculation with Cb9M. The group mean body weight at day 0 was 416.5 gm (range 320-480 g). Guinea pigs inoculated by the i.p. route experienced a 4% drop in weight (mean 28 g; range 5-60 g) between days 0-7 p. i., which was statistically different from weights of saline-inoculated control guinea pigs in the same time window (p value = 0.003) (Fig 3) . During this time the i.n. inoculated group did not experience weight loss, and though they exhibited less weight gain than did saline controls the differences were not statistically significant. Body temperature, as determined by i.p. iButton readings, generally remained within the normal range throughout the study; the group baseline mean body temperature was 39.2˚C compared to the published normal range of 38-40˚C [27] . Transient body temperature spikes were noted between days 4 and 8 in the i.p. inoculated group (mean 40.2˚C; range 38.9-41.6˚C). Mean group body temperatures remained within the normal range for the i.n. inoculation group, with two of four individuals experiencing a 
Intradermal and subcutaneous challenge reactions
Sensitization of Cb9M-inoculated animals to Coxiella antigens was confirmed using the formalin-inactivated phase I whole cell vaccine Coxevac as a standardized challenge antigen. Responses to both s.c. and i.d. antigen challenge were assessed. Gross abnormalities were not observed at the s.c. inoculation sites in animals until day 10 p.c., with some reactions persisting until day 21 p.c. These reactions appeared as minor subcutis swelling with no erythema or induration noted. The i.d. vaccine challenge sites in Cb9M-inoculated animals developed detectable erythema and induration at all doses of vaccine tested (Fig 4) , generally within eight hours after inoculation. Reactions were most consistent at 2 and 4 μg doses of vaccine, and most severe (visibly darker) at day 42 p.i. challenge inoculation sites relative to the day 21 p.i. challenge sites ( 
Histological changes
Visceral organ lesions in sensitized animals were limited to a few microgranulomas in the liver and sporadic hepatocellular necrosis. Splenic lesions were limited to increased neutrophils without tissue destruction. No significant differences in organ lesions were noted between animals sensitized using the i.p. and i.n. inoculation routes. Histopathological evaluation of guinea pig skin reactions at vaccine inoculation sites utilized scoring criteria based upon the cellular composition, distribution of inflammation, overall size of the inflammatory response, infiltration of surrounding tissue, vascular sequelae and presence/absence of tissue injury and/ or necrosis (Table 1 and Fig 6) . Inflammation was observed at both intradermal and subcutaneous vaccine inoculation sites in both unsensitized and Cb9M-sensitized guinea pigs (Fig 7) . Inflammation was more severe in Cb9M-sensitized animals, and at intradermal challenge sites compared to subcutaneous challenge sites, consistent with the observed levels of gross erythema and induration. The degree of inoculation site inflammation was proportional to vaccine dose, with very little difference noted between 2 and 4 μg doses (Table 3 and Fig 8) . The inflammation was more severe overall in guinea pigs sensitized by the i.p. route compared to the i.n. route. In sensitized animals microabscesses were more frequently observed at day 21 p. c. than at day 7 p.c. (Fig 7) , consistent with ongoing inflammatory tissue damage. Among the unsensitized guinea pigs, there was limited histopathological difference between skin samples collected at day 7 p.c. and day 21 p.c. indicating that vaccine alone can induce a granulomatous inflammation that fails to resolve within the time frame evaluated but does not result in progressive tissue damage.
Reproducibility of standardized protocol using i.n.-sensitization
The results of the initial comparative study indicated that detectable sensitization to Coxiella antigens was achieved using both i.p. and i.n. infection routes, with i.p.-sensitized animals showing more pronounced reactions compared to saline control animals ( Fig 5 and Fig 8) . The i.n. route is a better mimic of the natural route of exposure leading to antigen sensitization Q fever vaccine reactogenicity model and vaccine reactogenicity in humans. Therefore, an expanded replicate study was performed to confirm the reproducibility of guinea pig sensitization following i.n. exposure, and to estimate the group size that would be required to detect a hypothesized difference in reaction severity between control and i.n.-sensitized animals. Preliminary estimates made using the limited data available from the comparative study suggested that a group size of 4-12 animals would have 80% power to detect a difference between control and i.n.-sensitized animals, depending on the effect size hypothesized. Based on these estimates and the capacity of the BL3 facility for housing an extended guinea pig study, the replicate study utilized group sizes of n = 9 for Cb9M-sensitized animals and n = 4 for saline control animals.
Antigenic challenge was standardized as 2 μg Coxevac administered i.d. 42 days after infection. Reactions were assessed 7 days post-challenge, when erythema was expected to have reached full extent but before milder reactions may have begun to resolve. As in the initial study, reactions to antigenic challenge were observed in all Cb9M-sensitized and some saline control guinea pigs (Fig 9) . No reactions were observed in response to negative control saline challenge. Reactions were more severe and consistent in the Cb9M-sensitized animals than in the control animals, as measured both by extent of erythema (P = 0.002) and by histopathology (P = 0.002). Based on these data, group sizes of n = 3 would have �90% power to detect a difference in mean reaction severity between control and sensitized animals of the magnitude observed in this study, at a significance level of 0.05 in a one-sided t test, using either erythema or histological score as an outcome measure.
Discussion
Guinea pigs have been used for Coxiella infection models since the identification of this pathogen in the early 1950s. Guinea pigs are also used as the animal model of choice for the evaluation of several other hypersensitivity reactions such as contact dermatitis [28] , responses to respiratory allergens and irritants [29] , drug reactions [30] and reaction to other infectious disease agents [31, 32] .
The term reactogenicity was coined by the Federal Drug Administration to describe the expected adverse vs unexpected (local and systemic) reactions noted during clinical trials of drugs, vaccines, and other pharmaceuticals [33] . In most cases, these reactions were secondary to adjuvants and/or were short term reactions with no long term sequelae. Reactions were scored 0-4 with regard to fever, injection site pain, induration and erythema [34] . In the case of C. burnetii vaccines, granulomatous reactions are common and can persist for several weeks [35, 36] .
The reactogenicity model described here using viable organism for sensitization and a ruminant vaccine as an antigenic control exhibited similar reactions to those reported by Histopathological scoring as noted in Table 1 . The mean histological scores of challenge sites at day 7 or 21 post challenge (PC).
https://doi.org/10.1371/journal.pone.0205882.t003
Q fever vaccine reactogenicity model others [14, 15] . Our findings confirm reactogenicity is not strain dependent as skin reactions to Coxevac (Cb9M) were similar to those reported using antigen preparation from the Henzerling and Ohio strains [16] and the California 76 strain [18] . In addition, the skin lesions observed in guinea pigs indicate that Coxevac gives comparable reactions to those reported for Q-Vax [14, 15] , the vaccine currently available for use in humans (Seqirus, Victoria, Australia). Reactogenic responses of Cb9M-sensitized guinea pigs to antigen challenge were relatively stable overall to changes in several protocol variables, using two measures of response (visible extent of erythema and histopathological scoring). Our study provides additional information with respect to routes of sensitization with viable organism and challenge with Coxevac. In the context of model standardization, the i.p. route is likely to deliver a more consistent dose of organism compared to the i.n. route. However, the i.n. route is a better mimic of the natural route of exposure, and we demonstrated that a standardized i.n. dose of viable C. burnetii reproducibly sensitized animals to subsequent vaccine antigen challenge.
The i.d. challenge route is preferable to the s.c. route in a standardized screening model as the gross reactions are more easily detected and more consistent following i.d. challenge. The i.d. route also mimics the pre-vaccination screening currently used in humans [15, 37] . In our initial comparative study, consistent reactions were observed when the Coxevac antigen challenge was administered either 21 or 42 days after the sensitizing infection, suggesting that there is an operational window within which a reactogenicity screening protocol can be standardized to accommodate the work flow of a given program. In our confirmatory study we administered antigen challenge at day 42 p.i., as reactions were generally more pronounced at this challenge time in the comparative study.
A range of Coxevac vaccine doses elicited detectable reactions in Cb9M-sensitized guinea pigs, with visible erythema peaking by 3-7 days post-challenge and persisting throughout a 21-day post-challenge monitoring period. More variable reactions were observed in some unsensitized control guinea pigs, with any visible erythema generally diminishing by 7-10 days post-challenge. Histological evaluation of challenge site biopsies revealed generally mild inflammation in some control animals, with little difference between biopsies taken at day 7 and day 21 post-challenge. In contrast, challenge site biopsies from Cb9M-sensitized animals exhibited pronounced inflammation at day 7 p.c., with more extensive inflammation and the presence of microabscesses observed at day 21 p.c., consistent with ongoing inflammatory tissue damage. These results suggest that when testing novel vaccine candidates, assessment at day 7 p.c. should allow detection of acute reactions prior to resolution of milder reactions, while examination at longer post-challenge time points can identify sustained and progressive reactions.
The standardized protocol utilized in our confirmatory study is designed to be used in initial evaluation of the reactogenicity potential of novel Q fever vaccine candidates or vaccine components. The results of the confirmatory study suggest that screens utilizing group sizes of n = 2 or n = 3 would achieve 80% or 90% power, respectively, to detect exposure-related reactogenic responses of the magnitude induced in intranasally-sensitized guinea pigs by i.d. antigen challenge with 2 μg Coxevac. Milder reactions observed in an initial assessment of a novel vaccine would need to be further confirmed with a larger follow up study. Characterization of any observed reactogenic effects in the guinea pig model can inform preclinical and clinical vaccine development decisions. For example, if a novel vaccine elicits comparable reactions in Coxiella-sensitized and control animals, an assessment of lower vaccine doses in control and Table 1 , (B) zone of erythema (mm). Error bars represent group mean and standard deviations.
�� Group means were statistically different for both histological scores and erythema (P value 0.002, 0.002 respectively, assessed by one-sided t test).
https://doi.org/10.1371/journal.pone.0205882.g009
Q fever vaccine reactogenicity model sensitized animals can be performed to determine if the vaccine is differentially reactogenic or a general irritant. If a vaccine candidate induces a reaction by day 7 p.c. in the standardized protocol described here, further evaluation would be of interest to determine if the reaction resolves more rapidly than does the reaction to Coxevac, since an efficacious vaccine with shorter-lived side effects than those observed with whole cell vaccines could still have value. 
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